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We report a systematic study of nuclear matrix elements (NMEs) in neutrinoless double-beta
decays with a state-of-the-art beyond mean-field covariant density functional theory. The dynamic
effects of particle-number and angular-momentum conservations as well as quadrupole shape fluc-
tuations are taken into account with projections and generator coordinate method for both initial
and final nuclei. The full relativistic transition operator is adopted to calculate the NMEs. The
present systematic studies show that in most of the cases there is a much better agreement with the
previous non-relativistic calculation based on the Gogny force than in the case of the nucleus 150Nd
found in Song et al. [Phys. Rev. C 90, 054309 (2014)]. In particular, we find that the total NMEs
can be well approximated by the pure axial-vector coupling term with a considerable reduction of
the computational effort.
PACS numbers: 21.60.Jz, 24.10.Jv, 23.40.-s 23.40.Hc
I. INTRODUCTION
The neutrinoless double beta (0νββ ) decay is a pro-
cess where an even-even nucleus decays into the even-
even neighbor with two neutrons less and two protons
more emitting only two electrons. The search of this
lepton-number-violating (LNV) process in atomic nuclei
is one of the current main experimental goals in nuclear
and particle physics. This LNV process occurs only if
the neutrino is a Majorana particle. In particular, sev-
eral fundamental questions about the nature of a neu-
trino, such as its absolute mass scale and mass hierarchy,
are expected to be answered by combining the results
from the measurements of this process and neutrino os-
cillations [1–4]. To date, the 0νββ-decay has not been
detected except for the controversial claim of detection
in 76Ge by the Heiderlberg-Moscow collaboration [5] that
has recently been overruled by the constraints from the
cosmology observations [6, 7] and the latest data released
by the EXO-200, KamLAND-Zen and GERDA collabo-
rations [8–10].
According to the neutrino mass mechanism of ex-
change light Majorana neutrinos, the inverse of the half-
life T 0ν1/2 of the 0νββ decay process is directly related to
the effective Majorana neutrino mass [11–13]
[
T 0ν1/2
]−1
= G0νg
4
A(0)
∣∣∣∣〈mββ〉me
∣∣∣∣
2 ∣∣M0ν(0+I → 0+F )∣∣2, (1)
where the axial-vector coupling constant gA(0) and the
electron massme are constants, and the kinematic phase-
space factor G0ν can be determined precisely [14]. An ac-
curate value of the nuclear matrix element (NME) M0ν
is essential for determining the effective neutrino mass
〈mββ〉 if the decay rate is eventually measured. Although
the 0νββ decay has not bee observed yet, the NME can
provide a constraint on the upper limit for the effective
neutrino mass based on the current data on the lower
limit of T 0ν1/2. Inversely, together with the constraints on
the neutrino mass from other measurements, the NME
can provide a lower limit on the half-life of the 0νββ-
decay, which serves as a guideline for the development of
“next-generation” experiments [15]. In any case, an accu-
rate knowledge of the NME for the 0νββ-decay is there-
fore very important in nuclear physics, particle physics
and cosmology [16–21].
The calculation of the NME requires two main in-
gredients. One is the wave functions of the initial
and final states, which have been calculated based
on different nuclear models, including configuration-
interaction shell model (ISM) [22–25], quasi-particle ran-
dom phase approximation (QRPA) [26–31], interact-
ing boson model (IBM) [32], angular momentum pro-
jected (AMP) Hartree-Fock-Bogoliubov (PHFB) theory
based on a schematic Hamiltonian [33], and the be-
yond mean-field density functional theory (BMF-DFT)
based on a non-relativistic energy density functional
(NREDF) Gogny force [34, 35]. Compared with the
PHFB, the BMF-DFT includes additional correlations
connected with particle number projection (PNP), as
well as fluctuations in quadrupole shapes [34] and pair-
ing gaps [35]. Another important ingredient is the decay
operator, which reflects the mechanism of decay process.
All the previous calculations of the NMEs are based on
non-relativistic frameworks, adopting non-relativistic re-
2duced transition operators derived from charge-changing
nuclear currents. The resulting NMEs in these model
calculations differ from each other up to a factor of 2−3.
Understanding the origin of this discrepancy has become
the main goal of future studies on this topic. In particu-
lar, it is not clear whether the NMEs are sensitive to the
EDF adopted in the BMF-DFT study and this question
should definitely be investigated.
In recent years, we have established a beyond mean-
field covariant density functional theory (BMF-CDFT),
which has been successfully applied to study many inter-
esting phenomena related to nuclear low-lying states [36].
In this paper, we report a systematic calculation of nu-
clear structural properties and the NMEs for the popu-
larly studied 0νββ decay candidate nuclei within this rel-
ativistic framework. The full relativistic transition opera-
tors derived from the one-body charge-changing nuclear
current, together with the ground-state wave functions
from the BMF-CDFT [36] are adopted in the calcula-
tion of the NMEs. Detailed formulism and a proof-of-
principle calculation for the 0νββ decay in 150Nd have
been described in Ref. [37].
The aim of this paper is to present systematic calcu-
lations of NMEs based on a relativistic energy density
functional (REDF) and to address the open question on
the sensitivity of the NMEs to the underlying EDF by
making a detailed comparison with the previous BMF
calculations based on the NREDF of Gogny force [34]. As
we show in the present work, in most of the cases there
is a much better agreement between NREDF and REDF
calculated matrix elements than the case of 150Nd inves-
tigated in Ref. [37]. This nucleus is close to the phase
transition X(5) and therefore very sensitive to details of
the model. Its complex nuclear structure has been de-
scribed differently within these two frameworks [38, 39].
Moreover we analyse the net contribution of the rela-
tivistic effects and tensor terms that have been neglected
in the NREDF study of Ref. [34], together with the ef-
fect of particle-number conservation that was neglected
in most QRPA and PHFB studies. In particular, we find
that the total NMEs can be well approximated with only
the axial-vector coupling term in the charge-changing nu-
clear current. This provides a considerable reduction of
computational efforts for future studies the NMEs.
This paper is organized in the following way. In Sec. II,
we present a brief introduction to the formalism adopted
to calculate the NMEs with our BMF-CDFT. Sec. III
gives the numerical details in the calculations. In Sec. IV
we present the results of the systematic study on the nu-
clear structural properties and the NMEs. Our findings
are summarized in Sec. V.
II. FORMALISM
In our BMF-CDFT, nuclear many-body wave func-
tions of low-lying states in initial (I) mother or final (F )
daughter nuclei are given as linear combinations of par-
ticle number N,Z, and angular momentum J projected
relativistic mean-field (RMF) plus BCS wave functions
|β〉 constrained to have different intrinsic axial deforma-
tion β,
|JMNZ;α〉 =
∑
β
fJNZα (β)Pˆ
J
MK=0Pˆ
N PˆZ |β〉, (2)
where α is a label distinguishing the states with same
quantum numbers J,N , and Z. The Pˆ JMK and Pˆ
N,Z are
projection operators onto angular momentum J and par-
ticle number of neutrons or protons, respectively. This
method is also referred to as GCM+PNAMP based on
CDFT or multi-reference CDFT. The weight function
fJNZα (β) is determined from the minimization of the total
energy of the state, which leads to Hill-Wheeler-Griffin
(HWG) equation [40]. The solution of the HWG equa-
tion provides the energy spectra and all the information
needed for calculating the electric multipole transition
strengths in the initial or final nuclei. We note that all
the observables are calculated in full model space of oc-
cupied single-particle states.
With the ground-state wave functions |0+I/F 〉 of the ini-
tial and final nuclei from the BMF-CDFT calculation, the
NMEM0ν for the 0νββ-decay can be calculated straight-
forwardly as follows [18, 37]
M0ν =
4piR
g2A(0)
∫ ∫
d3x1
∫
d3x2
∫
d3q
(2pi)3
eiq·(x1−x2)
q(q + Ed)
×〈0+F |J
†
L,µ(x1)J
µ†
L (x2)|0
+
I 〉, (3)
where the nuclear radius R = 1.2A1/3 is introduced to
make the NME dimensionless. Ed is the average en-
ergy of intermediate states. Substituting the standard
expression J †L,µ for the one-body charge-changing nu-
clear current, one finds that the NME is composed of
five terms: vector coupling (VV), axial-vector coupling
(AA), interference of the axial-vector and induced pseu-
doscalar coupling (AP), the induced pseudoscalar cou-
pling (PP), and weak-magnetism coupling (MM) terms,
which are related to the products of two current opera-
tors J †L,µ(x1)J
µ†
L (x2) with the following forms [37],
V V : g2V (q
2)
(
ψ¯γµτ−ψ
)(1) (
ψ¯γµτ−ψ
)(2)
, (4a)
AA : g2A(q
2)
(
ψ¯γµγ5τ−ψ
)(1) (
ψ¯γµγ5τ−ψ
)(2)
, (4b)
AP : 2gA(q
2)gP (q
2)
(
ψ¯γγ5τ−ψ
)(1) (
ψ¯qγ5τ−ψ
)(2)
,(4c)
PP : g2P (q
2)
(
ψ¯qγ5τ−ψ
)(1) (
ψ¯qγ5τ−ψ
)(2)
, (4d)
MM : g2M (q
2)
(
ψ¯
σµi
2mN
qiτ−ψ
)(1)(
ψ¯
σµj
2mN
qjτ−ψ
)(2)
,(4e)
respectively, where qµ is the momentum transferred from
leptons to nucleons, τ− is the isospin lowering oper-
ator that changes neutrons into protons, and σµν =
i
2 [γµ, γν ]. Following Ref. [26], the form factors gV (q
2),
gA(q
2), gM (q
2), and gP (q
2) are chosen as gV (q
2) =
3gV (0)
(1 + q2/Λ2V )
2
, gA(q
2) =
gA(0)
(1 + q2/Λ2A)
2
, gP (q
2) =
gA(q
2)
2mN
q2 +m2pi
(1−
m2pi
Λ2A
), and gM (q
2) = (µp−µn)gV (q2),
with gV (0) = 1.0, gA(0) = 1.254, µp−µn = 3.70, the cut-
off Λ2V = 0.710 (GeV)
2, ΛA = 1.09 GeV, and the masses
mN = 0.93827 GeV and mpi = 0.13957 GeV for proton
and pion, respectively.
III. NUMERICAL DETAILS
The mean-field wave functions |β〉 in Eq. (2) are gener-
ated by the RMF calculation based on the point-coupling
EDF PC-PK1 [41]. Pairing correlations between nucleons
are treated with the BCS approximation using a density-
independent δ force V ppτ (r1, r2) = V
pp
0 δ(r1 − r2) sup-
plemented with an energy-dependent cutoff factor. The
pairing strength parameter V pp0 is −314.550 MeV fm
3
and −346.500 MeV fm3 for neutrons and protons, re-
spectively, which were determined by fitting to the neu-
tron and proton average pairing gaps in 150Nd, 150Sm
provided by the separable finite-range pairing force [42].
These paring strength parameters are kept the same for
all the 0νββ candidate nuclei. More details about the
BMF-CDFT calculation can be found in Ref. [36].
In the calculation of the NMEM0ν , closure approxima-
tion is adopted with the average energy of intermediate
states given by Ed = 1.12A
1/2 [11]. All the terms in Eq.
(4) are fully incorporated in the relativistic framework.
The finite-nucleon-size (FNS) correction is taken care of
by the momentum dependent form factors in Eq. (4).
According to the recent studies based on the unitary cor-
relation operator method (UCOM) [23, 43–45], the short
range correlation (SRC) has a marginal reduction effect
(< 10%) on the NME for light neutrinos. To include
it would considerably complicate our computational pro-
cedure, and therefore we omit the SRC contribution in
the present study. More numerical details about the cal-
culation of the NME within the BMF-CDFT have been
introduced in Ref. [37].
IV. RESULTS AND DISCUSSIONS
A. Structural properties of low-lying states
We first examine the reliability of our BMF-CDFT
calculation for the structural properties of the ten pairs
of 0νββ decay candidate nuclei 48Ca-Ti, 76Ge-Se, 82Se-
Kr, 96Zr-Mo, 100Mo-Ru, 116Cd-Sn, 124Sn-Te, 130Te-Xe,
136Xe-Ba, and 150Nd-Sm, which are compared with the
results of the BMF-DFT calculations based on the non-
relativistic Gogny D1S force [34], and with the data in
Fig. 1. A good agreement with the data is found in both
relativistic and non-relativistic BMF calculations for all
the candidate nuclei except for the doubly closed-subshell
nucleus 96Zr. For this nucleus, the data of high Ex(2
+
1 )
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FIG. 1: (Color online) Results of the beyond mean-field
CDFT (GCM+PNAMP) calculations for the properties of
low-lying states for the 0νββ decay candidate nuclei 48Ca-
Ti, 76Ge-Se, 82Se-Kr, 96Zr-Mo, 100Mo-Ru, 116Cd-Sn, 124Sn-
Te, 130Te-Xe, 136Xe-Ba, and 150Nd-Sm, including (a) binding
energy and (b) charge radius of correlated 0+1 ground state,
as well as (c) E2 transition strength B(E2 : 0+1 → 2
+
1 ) and
(d) excitation energy of 2+1 state Ex(2
+
1 ). The binding energy
and charge radius obtained with the pure mean-field CDFT
calculation, as well as the available results from the beyond
mean-field DFT (GCM+PNAMP) calculation based on the
non-relativistic D1S force are given for comparison [34]. The
experimental data of binding energy and charge radius are
taken from Ref. [46] and Ref. [47], respectively. The data of
B(E2) and Ex(2
+
1 ) are taken from the NNDC web site [48].
and weak B(E2 : 0+1 → 2
+
1 ) indicate the pronounced pro-
ton Z = 40 and N = 56 subshells. Actually, the overesti-
mation of the collectivity in 96Zr is a common problem of
most EDF based GCM or collective Hamiltonian calcu-
lations [49, 50]. The lowest excited states in 96Zr are of
particle-hole type [51], the description of which requires
the inclusion of noncollective configurations.
The BMF effects on nuclear binding energy and charge
radius can be learnt from Fig. 1. We define the dynamic
correlation energy (DCE) as ECDFT − E(0
+
1 ), where
ECDFT and E(0
+
1 ) are the total energies of mean-field
ground state (global minimum of energy surface) and 0+1
state (correlated ground state), respectively. The DCE
ranges from 1.6 MeV to 6.0 MeV, and improves over-
all the description of binding energies and Qββ values as
depicted in Fig. 2. The Qββ value of
48Ca has been re-
produced in the non-relativistic calculation but is overes-
timated in our calculation by about 2.0 MeV after taking
into account the DCE, which is 1.6 MeV and 4.8 MeV
for 48Ca and 48Ti, respectively. We note that in our
calculation pairing collapse happens around the spheri-
cal configuration of 48Ca, but not in 48Ti. Therefore, a
smaller DCE is gained in 48Ca than in 48Ti, which leads
to the overestimation of its Qββ. However, pairing col-
lapse is avoided in the non-relativistic calculation where
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FIG. 2: (Color online) (a) Dynamic correlation energy (DCE),
ECDFT − E(0
+), and (b) Qββ values of the 0νββ decay ob-
tained with the beyond mean-field CDFT (PC-PK1) calcula-
tion, in comparison with the calculated results based on the
non-relativistic D1S force and the experimental data [46].
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FIG. 3: (Color online) Distribution of collective wave func-
tions |gJα(β)|
2 as a function of deformation parameter β for
the ground state of initial AZ and final A(Z+2) nuclei in the
0νββ decay.
the PNP has also been carried out before variation in
the mean-field calculation. For 76Ge, on the other hand,
the underestimation of the Qββ might be due to the de-
ficiency of the underlying EDF or the missing of triax-
iality, which turns out to be important in the low-lying
states [52, 53].
Figure 3 displays the distribution of collective wave
function gJα(β) for the ground states of initial and fi-
nal nuclei as a function of the deformation parameter
β, where the gJα(β) are related to the weight function
fJNZα (β) in Eq. (2) by the following relation,
gJα(β) =
∑
β′
[
N
J (β, β′)
]1/2
fJNZα (β
′), (5)
with the overlap kernel, N J (β, β′) = 〈β|Pˆ J00Pˆ
N PˆZ |β′〉.
Since gJα(β)s are orthonormal, they can reflect the domi-
nant configuration of each state. It is seen that the defor-
mations of dominant configurations in the ground state
of mother and daughter nuclei are somewhat different,
as already discussed in Refs. [34, 37]. This static defor-
mation effect can quench the NME of 0νββ decay signifi-
cantly in particular for the case where the deformations of
the mother and daughter nuclei differ considerably from
each other, such as 76Ge-Se and 150Nd-Sm. Moreover,
shape fluctuation is shown to be significant in the light
0νββ candidate nuclei, the description of which is im-
possible with the approaches based on single-reference
state [28, 29, 33]. This dynamic deformation effect (or
shape mixing effect) could moderate the quenching effect
from the static deformation on the NMEs [37], which is
fully taken into account in the present multi-reference
BMF-CDFT approach.
B. Nuclear matrix elements for the 0νββ decay
In order to show the deformation-dependence of the
NME, Table I presents the normalized NME M˜0ν(βI , βF )
at spherical shape (βI = βF = 0) for the 0νββ-decay
obtained with both the relativistic and non-relativistic
TABLE I: The normalized NME M˜0ν for the 0νββ-decay ob-
tained with the particle number projected spherical mean-
field configuration (βI = βF = 0) by the PC-PK1 force using
both the relativistic and non-relativistic reduced (first-order
of q/mp in the one-body current) transition operators. The
ratio of the AA term to the total NME, RAA ≡ M˜
0ν
AA/M˜
0ν ,
the relativistic effect ∆Rel. ≡ (M˜
0ν − M˜0νNR)/M˜
0ν and the ra-
tio of the tensor part to the total NME, RT ≡ M˜
0ν
NR,T/M˜
0ν
NR,
are also presented.
Sph+PNP (PC-PK1) M˜0ν RAA M˜
0ν
NR ∆Rel. RT
48Ca →48Ti 3.66 81% 3.74 −2.1% −2.4%
76Ge →76Se 7.59 94% 7.71 −1.6% 3.5%
82Se →82Kr 7.58 93% 7.68 −1.4% 2.9%
96Zr →96Mo 5.64 95% 5.63 0.2% 3.6%
100Mo →100Ru 10.92 95% 10.91 0.1% 3.5%
116Cd →116Sn 6.18 94% 6.13 0.7% 1.9%
124Sn →124Te 6.66 94% 6.78 −1.8% 4.9%
130Te →130Xe 9.50 94% 9.64 −1.4% 4.3%
136Xe →136Ba 6.59 94% 6.70 −1.7% 4.1%
150Nd →150Sm 13.25 95% 13.08 1.3% 2.5%
5reduced transition operators, where M˜0ν is defined as
M˜0ν(βI , βF ) = NFNI 〈βF |Oˆ
0ν Pˆ J=0PˆNI PˆZI |βI〉, (6)
with N−2a = 〈βa|Pˆ
J=0
00 Pˆ
NaPˆZa |βa〉 for a = I, F . It
is seen that the error arisen from the first-order non-
relativistic reduction is marginal, which can either in-
crease or decrease the total NME by a factor within 2%.
This value is modified only slightly in the full GCM cal-
culation, for instance becoming ∼ 5% for 150Nd [37]. The
one-body charge-changing nucleon current, Eq. (4), gen-
erates not only the Fermi and Gamow-Teller (GT) terms
but also tensor terms that have been neglected in the non-
relativistic study [34]. With the help of non-relativistic
approximation of the transition operator, one can isolate
the contribution of the tensor part [26, 37], which is ob-
tained by subtracting the contributions of Fermi and GT
terms from the total NME. It is shown in Table I that
the contribution of tensor terms is within 5% of the total
NME.
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FIG. 4: (Color online) Normalized NME M˜0ν as a function
of the intrinsic deformation parameter β of the initial AZ and
final A(Z + 2) nuclei.
Figure 4 displays the normalized NME M˜0ν as a func-
tion of the intrinsic quadrupole deformation βI and βF
of the mother and daughter nuclei, respectively. Simi-
lar to the behavior of the GT part shown in the MR-
DFT (D1S) calculation [34], the normalized NME M˜0ν
is concentrated rather symmetrically along the diagonal
line βI = βF , implying that the decay between nuclei
with different deformation is strongly hindered. More-
over, the M˜0ν has the largest value at the spherical con-
figuration for most candidate nuclei except for 48Ca-Ti,
96Zr-Mo, and 136Xe-Ba. It implies that generally the
0νββ-decay is favored if both nuclei are spherical. The
largest M˜0ν in 136Xe-Ba is found around the deformation
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FIG. 5: (Color online) (a) Decomposition of the total NMEs
from the final GCM+PNAMP (PC-PK1) calculation; (b)
the total NMEs calculated with either only spherical config-
uration or full configurations, in comparison with those of
GCM+PNAMP (D1S) from Ref. [34]. The shaded area indi-
cates the uncertainty of the SRC effect within 10%. See text
for more details.
region with βI = βF ≃ 0.5, at which deformed configura-
tion, pairing energy is peaked in both nuclei due to the
very high single-particle level density. However, this con-
figuration (β ≃ 0.5) has a negligible contribution to the
final NME of 136Xe-Ba because its weight is almost zero
in the ground-state wave function, cf. Fig. 3.
Figure 5(a) displays the contribution of each cou-
pling term (AA, V V, PP,MM,AP ) in Eq.(4) to the to-
tal NMEs. It is shown that the weak-magnetism (MM)
term is negligible (∼ 4%). The interference term (AP )
of the axial-vector and pseudoscalar coupling has an op-
posite contribution (∼ 30%), which almost cancels out
the sum of V V , PP , and MM terms. Of particular
interest is that the total NME has a very similar be-
havior as that of the predominated AA term with the
ratio RAA ≃ 95%. Actually, we have found that the
deformation-dependent NMEs shown in Fig. 4 are also
very similar even if we include only the AA term. It in-
dicates that the AA term provides a good approximation
for the total NME, Eq.(3). In the non-relativistic approx-
imation, the two-current operator with only the axial-
vector coupling term is simplified as J †L,µ(x1)J
µ†
L (x2) =
−g2A(q
2)σ(1) · σ(2)τ
(1)
− τ
(2)
− , the calculation of which is
much cheaper than computing the full terms, cf. (4).
Similar conclusion can also be made based on the re-
sults of QRPA calculation [26] using the non-relativistic
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FIG. 6: (Color online) The single-particle energy levels of neu-
trons and protons in 150Nd predicted by the PC-PK1 force,
in comparison with that by the Gogny D1S force taken from
Ref. [54].
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FIG. 7: (Color online) Comparison of the NME M0ν for the
0νββ-decay from different model calculations. The shaded
area indicates the uncertainty of the SRC effect within 10%.
reduced operators. Figure 5(b) displays the NMEs cal-
culated either with pure spherical configuration or with
full configurations in the GCM+PNAMP (PC-PK1), in
comparison with those of the non-relativistic results [34].
Before comparing the two results, we should point out
that in the non-relativistic calculation [34], the SRC ef-
fect was taken into account with the UCOM, while the
tensor terms were neglected. These two effects can bring
a difference up to ∼ 15% in the NMEs. By taking into
account this point, one can draw the conclusion from
Fig. 5(b) that these two calculations give consistent re-
sults for the total NMEs for all the candidate nuclei with
the exception of 150Nd.
As we have already discussed in Ref. [37], one of the
reasons leading to the large discrepancy in the NMEs of
150Nd is the different distribution of the collective wave
function for the ground states of 150Nd and 150Sm. Be-
sides, the normalized NMEs at the spherical configura-
tion differ from each other by a factor of about two, which
might be due to the different level density around Fermi
surface, giving rise to very different pairing properties.
Figure 6 displays a comparison of the single-particle en-
ergy levels of neutrons and protons at the spherical con-
figuration of 150Nd obtained by the PC-PK1 and Gogny
D1S forces. In contrast to results by the D1S force [54, 55]
but similarly to other CDFT calculations [56], the PC-
PK1 force predicts a large Z = 58 shell gap and a some-
what small Z = 64 gap, which is however not supported
by the experiment [57]. Notice that the large Z = 64
shell gap can be reproduced by including the non-local
exchange terms of the isoscalar field couplings in the rel-
ativistic Hartree-Fock (RHF) calculation, which is able
to give an enhanced spin-orbit splitting for the proton
2d states [56]. It remains an open question whether the
NME for 150Nd is reduced or not by including these terms
in the RHF calculations. In short, the large discrepancy
in the NMEs of 150Nd by the PC-PK1 and D1S forces
is the result of the interplay of pairing correlations and
the underlying shell structure. A comprehensive under-
standing of this discrepancy requires further dedicated
investigations.
The effect of PNP on the NMEs for the 0νββ-decay
is also shown in Fig. 5(b). In the calculation with pure
spherical configuration, the PNP increases significantly
the NMEs evolved with one (semi)magic nucleus, includ-
ing 48Ca (127%), 116Cd (49%), 124Sn (55%), and 136Xe
(58%), where pairing collapse occurs in either protons
or neutrons. The increase in the NMEs by the PNP is
mainly through the superfluid partner nucleus. For 48Ca,
pairing collapse is found in both neutrons and protons,
leading to about twice enhanced normalized NME than
the other three ones. It can be understood from Eq.(6)
that the 〈βF = 0|Oˆ
0ν Pˆ J=0PˆNI PˆZI |βI = 0〉 for
48Ca-Ti
does not change by the PNP, while the normalization
factor NF for the daughter nucleus
48Ti is increased, re-
sulting in the enhanced normalized NME.
Figure 7 displays our final NMEs for the 0νββ-decay
in comparison with those by the ISM [23], renormalized
QRPA (RQRPA) [30], PHFB [33], NREDF (D1S) [34],
and the IBM2 [32]. There are also other calculations that
are not taken for comparison. Here, only the calcula-
tions considering the SRC effect with the UCOM (except
for the IBM2 calculation with the coupled-cluster model
(CCM)) and using the radius parameter R = 1.2A1/3
fm are adopted for comparison. The values are given in
Tab. II. Our results are amongst the largest values of the
existing calculations in most cases, except for 100Mo-Ru,
124Sn-Te and 130Te-Xe. Moreover, the NME for 96Zr in
both EDF-based calculations is significantly larger than
the other results, which can be traced back to the over-
estimated collectivity. If the ground state of 96Zr was
7TABLE II: The calculated NME M0ν of the 0νββ-decay with the REDF (PC-PK1), in comparison with those by the NREDF
(D1S), RQRPA, PHFB, ISM, and IBM2. Only the results considering the short-range correlation (SRC) effect by UCOM,
except for the IBM2 where CCM is used and using the parameter R = 1.2A1/3 fm are adopted for comparison. The values in
the parenthese are the results with additional pairing fluctuations.
Models REDF(PC-PK1) NREDF(D1S) RQRPA (Tu¨bingen) PHFB ISM IBM2
gA(0) 1.254 1.25 1.254 1.254 1.25 1.269
48Ca →48Ti 2.94 2.37 (2.23) 0.85 2.38
76Ge →76Se 6.13 4.60 (5.55) 5.17 2.81 6.16
82Se →82Kr 5.40 4.22 (4.67) 5.32 2.64 4.99
96Zr →96Mo 6.47 5.65 (6.50) 1.77 3.32 3.00
100Mo →100Ru 6.58 5.08 (6.59) 3.88 7.22 4.50
116Cd →116Sn 5.52 4.72 (5.35) 3.21 3.29
124Sn →124Te 4.33 4.81 (5.79) 2.62 4.02
130Te →130Xe 4.98 5.13 (6.40) 4.07 4.66 2.65 4.61
136Xe →136Ba 4.32 4.20 (4.77) 2.54 2.19 3.79
150Nd →150Sm 5.60 1.71 (2.19) 3.24 2.88
TABLE III: The upper limits of the effective neutrino
mass 〈mββ〉 (eV) based on the NMEs from the present
GCM+PNAMP (PC-PK1) calculation, the lower limits of
the half-life T 0ν1/2(×10
24 yr) for the 0νββ-decay from most re-
cent measurements [8–10, 61–64] and the phase-space factor
G0ν(×10
−15 yr−1) from Ref. [14].
48Ca 76Ge 82Se 100Mo 130Te 136Xe 150Nd
〈mββ〉 ≤ 2.92 ≤ 0.20 ≤ 1.00 ≤ 0.38 ≤ 0.33 ≤ 0.11 ≤ 1.72
T 0ν1/2 ≥ 0.058 ≥ 30 ≥ 0.36 ≥ 1.1 ≥ 2.8 ≥ 34 ≥ 0.018
G0ν 24.81 2.363 10.16 15.92 14.22 14.58 63.03
taken as the pure spherical configuration, the NME be-
comes 5.64 (PC-PK1) and 3.94 (D1S), respectively. We
note that the consideration of higher-order deformation
in nuclear wave functions, such as octupole deformation
in 150Sm-Nd [58, 59], and triaxiality in 76Ge-Se [52, 53]
and 100Mo-Ru [60], is expected to hinder the correspond-
ing NMEs further in the DFT calculation.
Table III lists the upper limits of the effective neutrino
mass 〈mββ〉 based on the present calculated NMEs for
the nuclei whose lower limits of the half-life T 0ν1/2 for the
0νββ-decay have been recently measured [9, 10, 61–64].
The smallest value (≤ 0.11 eV) for the upper limit 〈mββ〉
is found based on the combined results from KamLAND-
Zen [9] and EXO-200 [8] collaborations for the0νββ-
decay half-life (T 0ν1/2 ≥ 3.4 × 10
25 yr at 90% confidence
level) of 136Xe. This value is closest to but still larger
than the estimated value (20− 50 meV based on the in-
verted hierarchy for neutrino masses [19]) by a factor of
2− 5.
V. SUMMARY AND OUTLOOK
We have reported a systematic study of NMEs for
the 0νββ-decay candidate nuclei with our state-of-the-
art BMF-CDFT, where the NMEs have been calculated
with the full relativistic transition operators derived from
one-body charge-changing nuclear current. The effects
of PNP+AMP as well as the static and dynamic defor-
mations in the nuclear wave functions have been taken
into account automatically. The reliability of the nu-
clear wave functions has been examined by comparing
the calculated low-energy structural properties with the
corresponding data.
The novel findings in the present systematic study are
summarized as follows:
• In most of the cases there is a much better agree-
ment between NREDF and REDF calculated ma-
trix elements than the case of 150Nd [37], which re-
quires further dedicated investigations. It indicates
that in general the NMEs are not much sensitive to
the underlying EDF.
• The axial-vector coupling (AA) term exhausts more
than 95% of the total NME, which provides an eco-
nomical way to calculate the total NME in the fu-
ture.
• The net contribution from relativistic effect and
tensor terms that have been neglected in the
NREDF study of Ref. [34] turns out to be within
10% for all the candidate nuclei. The PNP ef-
fect that was neglected in most QRPA and PHFB
studies increases significantly the NME for the
0νββ-decay where magic or semi-magic nuclei are
evolved. The net effects of static and dynamic de-
formation turn out to reduce significantly the NME
for most candidate nuclei.
8• The smallest upper limit on 〈mββ〉(≤ 0.11 eV) has
been found based on the latest data on the 0νββ-
decay of 136Xe.
Finally, we point out that the effect of higher-order defor-
mation needs to be studied in this framework. Moreover,
the quenching effect of two-body currents [65, 66] and en-
hancement effect of pairing fluctuation [35] on the NME
are comparable in size, that is, 10% − 40%. These two
effects may not cancel out exactly. The fluctuation effect
in proton-neutron pairing amplitude also has influence on
the value of NME [67]. Therefore, a more careful study
within the BMF-CDFT by taking into account all these
effects in a unified way needs to be carried out in the
near future.
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